Abstract The aim of this study was to evaluate the effects of different carotenoids sources in tilapia fish diets on the animals' performance and fillets characteristics. Nine hundred and sixty tilapias, Oreochromis niloticus, averaging 15 g were distributed into 24 tanks to receive one of the six treatments (four repetitions) for 80 days: basal diet with no pigment (control group), basal diet with 350 mg/kg astaxanthin 10 % and basal diets added of four different concentrations of Rubrivivax gelatinosus biomass (175, 350, 700 and 1400 mg/kg). Variables analyzed included feed consumption, weight gain, feed conversion and specific growth rate for the animals and pH, proximate composition, carotenoids, polyunsaturated fatty acids and color for the fillets. Productive parameters did not differ statistically. Moisture content was lower on the fillets of treatments with pigments. The protein contents on the fillets of diets supplemented with the bacterial biomass were higher than in control group, while pH, minerals and lipids did not vary among treatments. Lightness and yellowness did not differ among the treatments, but redness and carotenoids contents were higher for all the groups that received the pigments than for the control group. The ratio of polyunsaturated fatty acids n-6/n-3 was improved with the dietary biomass. So, it was concluded that the use of the pigmenting ingredients did not alter productive parameters but increased redness and carotenoids contents in the fillets. Moreover, the use of R. gelatinosus biomass also increased the protein contents and improved the fatty acids profile in the fillets.
Introduction
The dissemination of information about fish meat nutritional value and its benefits to health is the responsible for the growing interest for fish products (Burger 2008) . In order to reach this increasing demand, the traditional extensive raising systems are gradually being replaced for the intensive and semi-intensive fish farming (Watanabe et al. 2002) . All over the world, Nile tilapia (Oreochromis niloticus) is the main cultivated species in aquaculture due to the high growth rate and adaptability to different raising systems, besides the good acceptance of the consumer market (Kubitza 2000; FAO 2014) .
Color, nutritional value and appearance are subconscious elements involved in the choice for a food item among the available options (Diler and Dilek 2002) . The reddish hue of some fish is a distinctive attribute that adds value to the derived products rendering them a higher status in the market (Takahashi et al. 2008) . Thus, the use of carotenoids in the diets of fish with economic importance like cichlids and ornamentals is a matter of interest in aquaculture (Sefc et al. 2014) .
Carotenoids are lipophilic substances widely used in food industry due to its pigmenting and antioxidant properties (Stahl and Sies 2003) . For humans, some of them may act as pro-vitamin A source, increase the immune response and prevent cancer and coronary diseases (Britton et al. 2009; Park et al. 2009 ). In aquaculture, carotenoids may be used in fish diets as a way of bringing color to flesh, making it similar to what happens in nature (Baker et al. 2002) .
Carotenoids may be synthesized by plants, yeasts, molds, algae and bacteria while animals must get them from diets (Chociai et al. 2002; Bhosale and Bernstein 2005) . According to Oliveira et al. (2009) , the world production of natural carotenoids is estimated in 100 millions ton per year, which represents an income of more than one billion dollars. Synthetic astaxanthin is widely used in aquaculture to provide color due to its ability to build up in the skin, muscles, gonads and eggs of fish (Meyers and Chen 1982) . More than providing bright color to fish muscles, the dietary astaxanthin reduces lipid peroxidation and so improves fish fillets quality (Brambilla et al. 2009 ).
Nevertheless, the consumers' worries on synthetic additives in food, the legal restrictions to this pigment applied in some countries and the instability on the carotenoids composition in plants due to cultivation and harvesting conditions have directed the interest of food industries on carotenoids produced by biotechnology (Silva 2004; Bhosale and Bernstein 2005; Breithaupt 2007; Oliveira et al. 2009 ).
Rubrivivax gelatinosus is a phototrophic bacterium with the ability to grow in industry wastewaters consuming organic compounds and producing a biomass containing carotenoids that may find use as a pigment in animal diets to provide color to edible products (Ponsano et al. 2003 (Ponsano et al. , 2011 . Recent researches using the bacterial biomass for tilapia feeding also indicated the ability of the carotenoids in decreasing the lipid oxidation in meat (Santo 2014) . Nevertheless, the influence of the biomass on the fatty acids profile of the meat was not elucidated to date.
The aim of this work was to evaluate the effects of different sources and concentrations of dietary carotenoids on tilapias' performance and on the quality attributes of their fillets.
Materials and methods

Ethical approval, experimental design and treatments
The experimental procedures were approved by the local Ethics Committee on the Use of Animals (CEUA/FOA 2013/01329). A completely randomized design with six treatments and four repetitions was adopted. Nine hundred and sixty fish averaging 15 g were distributed into 24 tanks (1000 L) (40 fish/tank) to receive the experimental diets: T1-basal diet with no added pigments (control group); T2-basal diet plus Carophyll Pink (astaxanthin 10 %, DSM); T3, T4, T5 and T6-basal diets plus Rubrivivax gelatinosus biomass at different concentrations ( Table 1 ). The basal diet was especially formulated for fish, according to Furuya et al. (2010) and contained (dry basis) crude protein 30.52 %, crude lipid 6.41 % and ash 7.99 % ( Table 1 ). The lyophilized bacterial biomass contained approximately 3 % moisture, 60 % protein and 3 mg/g carotenoids. Animals were fed the experimental diets thrice a day, ad libitum, during 80 days. The sediments deposited on the bottom of the tanks were removed by siphoning once a week, and the water quality was monitored twice a week. All the water parameters were kept in optimum range (temperature 27°C, pH 7, DO [ 5.5 mg/L, nitrate \ 0.8 ppm, NH 3 \ 0.004 ppm, chloride \ 0.001 ppm). At the end of the experiment, fish were anesthetized with benzocaine at 0.1 g/L and slaughtered by sectioning the gills, and the fillets were removed for the laboratory analyses.
Growth performance
Fish were weighed at the beginning and at the end of the experiment, and the growth performance was assessed on final weight (FW), weight gain (WG), feed consumption (FC), feed conversion ratio (FCR) and specific growth rate (SGR).
Determination of the pH
For the determination of the pH, 10 g of the fish muscle samples was homogenized with 100 mL deionized water, and the measurement was taken using a pHmeter (Digimed DM22) at 25°C.
Proximate composition
Proximate chemical composition analyses of the fish fillets included moisture (oven at 105°C), crude proteins (micro Kjeldahl) and total minerals (oven at 550°C) and were performed according to Horwitz and Latimer Jr. (2006) . Total lipids were determined according to Folch et al. (1957) .
Color attributes
The CIELab colors of fish fillets (L = lightness; a = redness; b = yellowness) were obtained in triplicate by using portable MiniScan XE Plus equipment (Hunterlab) previously calibrated with white and black standards and using 10°observer angle and illuminant D65. Measurements were taken above the lateral line of the muscles at three points (head, middle and tail), and the mean values were considered (Choubert et al. 1997) . Ether extract (%) 6 6 6 6 6 6
Crude fiber (%) 4.5 4.5 4.5 4.5 4.5 4.5
Mineral composition (%) 9 9 9 9 9 9
Total calcium (%) Calcium/total phosphorus 1.5 1.5 1.5 1.5 1.5 1.5
a Composition per kg of the product: vitamin A 2,400,000 UI; vitamin D3 600,000 UI; vitamin E 30,000 mg; vitamin K3 3000 mg; vitamin B1 4000 mg; vitamin B2 4000 mg; vitamin B6 3500 mg; vitamin B12 8000 mg; vitamin C 60,000 mg; nicotinic acid 20,000 mg; pantothenic calcium 10,000 mg; biotin 200 mg; folic acid 1200 mg; Cu 3500 mg; Fe 20,000 mg; Mn 10,000 mg; Zn 24,000 mg; Ca 160 mg; Na 100 mg; Co 80 mg; inositol 25,000 mg; choline chloride 100,000 mg Table 3 Means and standard deviations of pH and proximate composition in tilapia fish fillets Diets 
Carotenoids content
Prior to the carotenoids extraction, the fish fillets were freeze-dried at-35°C for 48 h and ground to powder. Then, samples of the lyophilized fillets were vortexed with dimethyl sulfoxide and sonicated for 15 min at 40°C. The extraction was performed repeatedly with acetone. The phase separation was attained with diethyl ether and distilled water, and the hyperphase was dried under N 2 stream. The extract was suspended in ethanol, and total carotenoids were calculated from the absorbance at 475 nm, using 2500 as the coefficient of extinction.
Fatty acids (FA) analyses
FA were extracted and methylated following Christie (1975) and Hara and Radin (1978) methodologies and then analyzed by HPLC (Focus CG-Finnigan, Saint Louis, MO, USA/ CP-Sil 88 column 0.25 lm i.d.; 100 m; 0.20 lm film thickness; Varian, Sigma-Aldrich Inc., Saint Louis, MO, USA). Different mobile phases and flow rates were used to optimize the separation conditions. Peaks were identified by comparison of the retention times of pure FA standards (Supelco, Sigma-Aldrich Inc., Saint Louis, MO, USA), and their areas were expressed as percentages of each fatty acids.
Statistical analysis
All data collected were subjected to analysis of variance, and the significance of differences between means was tested by Tukey's test (P \ 0.05) using Action Ò version 2.7. Broken line regression was used to estimate the biomass requirements for the significant variables, and the polynomial regression was used to predict the relationship between redness and carotenoids content. The significance level was set at 0.05.
Results and discussion
The growth indicators did no differ statistically (P [ 0.05, Table 2), which means that the use of the pigmenting ingredients tested did not influence the animals' productive performance. Moreover, no mortality was observed during the experiment. These rates are very variable for tilapia, since factors such as rearing conditions, feed composition, fish age and time of feeding may influence them. Even so, they are in agreement with data found by Hu et al. (2006) after feeding tilapia hybrids with beta-carotene for 10 weeks. The fillets pH ranged from 6.19 to 6.36 and also did not differ significantly between treatments (P [ 0.05, Table 3 ). According to Pacheco-Aguilar et al. (2000) , the final flesh pH depends on many factors such as species, feeding and slaughtering, localization at the capture, temperature during storage and the meat buffering capacity. Among these factors, feeding was the only variable one, so it is possible to affirm that none of the pigmenting ingredients used in the study influenced the final pH. Data found for pH in this experiment are similar to the ones reported by Albuquerque et al. (2004) , Moura et al. (2009) and Chaijan (2011) for fish muscle.
For all treatments, the protein contents on the fillets were at the range of 15-20 % (Table 3) , considered as normal for tilapia (Puwastien et al. 1999; Justi et al. 2003; Yanar et al. 2006; Emire and Gebremariam 2009) . However, the use of the bacterial biomass in the diets increased the protein deposition in the muscles. According to the broken line shown in Fig. 1a , the use of 181.55 mg biomass/kg diet is enough to provide the higher protein content (19.55 %) on the fillets (R 2 = 0.9820). It is reasonable to believe that the biomass exerted some probiotic effect on the utilization of the nutritional components of the diets inducing such a finding, although the elucidation for this mechanism was not the aim of this study. Takeuchi et al. (2002) also reported an increase in the protein content of the fillets of tilapia fed Spirulina, a natural antioxidant pigment synthesized by Spirulina platensis, although they have not assigned the reason for that finding.
On the other hand, the moisture content was lower on the fillets of the groups that received the carotenoids, with 241.88 mg biomass/kg diet being enough to provide the lower moisture content in the fillets (77.3 %; R 2 = 0.9925) ( Table 3 ; Fig. 1b ). An explanation for this finding is that in a proximate analysis, one component decreases, while another increases, as it happened in this study for moisture and protein contents. This seems to be a positive feature for the fillets, regarding the microbiological stabilization of food products with lower moisture contents (Duan et al. 2004) . These values are also in agreement with data on moisture contents of tilapia fillets found by other authors (Puwastien et al. 1999; Takeuchi et al. 2002; Justi et al. 2003; Yanar et al. 2006; Emire and Gebremariam 2009; Rocha et al. 2012) .
It is known that the concentrations of lipids and minerals in fish flesh are related to the feeding, but, as the concentrations of these components were constant in the experimental diets and the feed consumption was the same among the groups, their contents also did not differ significantly in the tilapias fillets. Thus, the dietary pigments, which varied in the compositions of the rations, were not able to influence the lipids and the mineral contents in the muscles (P [ 0.05; Table 3 ). These data are in agreement with the data reported by other authors who fed pigments to fish (Puwastien et al. 1999; Justi et al. 2003; Yanar et al. 2006) . Lightness and yellowness were not significantly influenced by the dietary treatments, while redness was higher for all the groups that received carotenoids (Table 4) . This was an expected result, since it is known that the carotenoids sources used in this experiment are able to increase this color attribute (De la Mora et al. 2006; Ponsano et al. 2011; Yesilayer and Erdem 2011) . According to Diler and Dilek (2002) , diets for farmed fish must be supplemented with pigments as a way to prevent consumers' rejection for the pale and greyish color of their flesh.
Results show that R. gelatinosus biomass at 175 mg/kg was already enough to provide redness increase, but concentrations above 350 mg/kg were necessary to reach the same redness provided by the synthetic astaxanthin (Table 4) . The broken line analysis performed for the treatments containing the biomass (Fig. 2a) showed that 455.72 mg of the product/kg diet were enough to provide the highest redness (a = 2.57), with 99.51 % of adjustment. R. gelatinosus biomass was previously used to improve broiler meat color (Ponsano et al. 2012) ; however, this was the first time the product was used as a pigment for fish feeding. So, the results presented herein corroborate the possibility of using this product for the pigmentation of cultivated tilapia.
According to Lovshin (2000) , for the sale as a whole, red tilapias achieve a higher market value than Nile tilapia due to the attractive reddish hue of their skin, although both species show white fillets. The dietary administration of R. gelatinosus biomass to provide the fillets pigmentation may represent an option to diversify the offer to consumers and add value to the product.
The use of the pigments in the diets also caused significant increases in the carotenoids contents of the fillets (Table 4 ; Fig. 2b) , with 382.06 mg biomass/kg diet being enough to provide the highest carotenoids content, 5.74 mg/kg (R 2 = 0.8847). Moreover, the quadratic equation presented in Fig. 3 shows that the increase of the carotenoids in the fillets explains 96.37 % of the redness increase, which corroborates the red pigmenting ability of this product. Nevertheless, it was not found a significant effect of the kinds of the pigments tested on the carotenoids contents of the fillets. That means that both sources of carotenoids used have the same ability to deposit on the fish muscles. The deposition of carotenoids on fish fillets was also described by other authors who believe that the use of these biological active substances in fish diets may improve its quality properties due to the important role they play at humans' health (Yesilayer and Erdem 2011; Czeczuga et al. 2013) . Table 5 Means and standard deviations of n-6 and n-3 polyunsaturated fatty acids in tilapia fish fillets Yet in humans, the dietary n-3 polyunsaturated fatty acids (PUFA) such as eicosapentaenoic acid (C20:5 n-3) and docosahexaenoic acid (C22-6 n-3) are engaged in various physiological processes and are essential for normal growth and development (Simopoulos 1999) . They also play an important role in the prevention of cardiovascular and inflammatory diseases and, further, have promising antihypertensive, anticancer, antioxidant, antidepression, antiaging and antiarthritis function (Siriwardhana et al. 2012) . On the other hand, the excessive dietary n-6 PUFA is associated with the prevalence of various chronic diseases (Simopoulos 2002) .
Since n-3 and n-6 PUFA have different effects on human health, an appropriate ratio of both in the diet is crucial (Strobel et al. 2012) . In this study, the use of astaxanthin did not alter the sum of n-6 and n-3 nor the ratio n-6/n-3, but all the concentrations of the bacterial biomass used as the pigmenting additive were able to enhance the sum of n-3 (Table 5) . Moreover, the product at 350 mg/kg was also able to decrease the n-6 PUFA in the fillets. Thus, the ratio n-6/n-3 in the fillets was improved with all the concentrations of the biomass in the diets. So, the use of the product in tilapia fish feeding may bring an improvement for the meat quality. Strobel et al. (2012) reported the contents of PUFA n-6 and n-3 of various fish species. Among them, the calculated ratio n-6/n-3 for tilapia (2.41) was close to the ratios found in this study for the control and astaxanthin-treated groups, but higher than the ratios found for the biomass-treated groups, especially with 350 mg/kg.
So, it was concluded that the use of pigmenting ingredients in Nile tilapia feed did not alter the animals' performance and increased the redness and the carotenoids contents of the fillets. R. gelatinosus biomass also was able to increase the protein content and improve the fatty acids profile of the fillets.
